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LPS = lipopolysaccharides; Th = T-helper.
Available online http://respiratory-research.com/content/2/3/129
Introduction
There is now convincing evidence indicating that the
prevalence of allergic diseases in general, and of asthma
in particular, is on the rise in high income societies [1].
Many hypotheses have been proposed to explain these
increases, but the most widely discussed and the most
controversial is the so-called ‘hygiene hypothesis’ [2,3].
This hypothesis was first enunciated in quite straightfor-
ward terms: the Western lifestyle has succeeded in
markedly decreasing the incidence of infections in early
life, and these infections may have a protective effect on
the subsequent development of allergies.
Initially, the hypothesis was mainly based on epidemiologic
evidence of an inverse relation between indirect markers
of increased infectious burden and prevalence of allergic
diseases and allergic sensitization (reviewed in [4]). Con-
comitant studies on the development of the immune
system in early life seemed to provide a biological basis
for the hypothesis’ main postulate. It has been reported
that mononuclear cells obtained from cord blood showed
markedly decreased cytokine responses to nonspecific
stimuli [5]. This included both responses that characterize
the T-helper (Th) 1 type (ie IFN-g) and the Th2 type (ie
IL-4). When studied both in cord blood and during the first
year of life [6,7], however, Th1-like responses were partic-
ularly decreased among children with a family history of
allergies and among those who would subsequently
become sensitized to aeroallergens. Since IFN-g is known
to downregulate Th2-type responses, and these responses
are essential for IgE synthesis by B cells, it was suggested
that the development of IFN-g responses could be stimu-
lated by exposure to infectious agents postnatally [3,8], and
that this could be the mechanism by which these infections
protected against the development of allergic diseases.
Infectious diseases versus microbial burden
Presented in this fashion, the ‘hygiene hypothesis’ was
tested in relation to several infectious diseases. The results
were contradictory: whereas markers of a previous infec-
tion with foodborne pathogens appeared to be associated
with decreased risk of subsequent allergic sensitization,
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this was not the case for respiratory pathogens [9] or was
confined to certain respiratory viruses [10]. Moreover,
while some authors reported that contagious diseases
such as measles were associated with decreased likeli-
hood of developing allergic conditions [11], other workers
were unable to confirm these observations [12]. The
finding of an inverse relation between responses to tuber-
culin test and asthma and allergies in Japan was inter-
preted by some authors as indicating that infection with
Mycobacterium tuberculosis could protect against aller-
gies [13]. Other workers, however, contested that the
association was more simply explained by a reduced Th1-
type response to tuberculin in atopic subjects.
But perhaps the greatest challenge to the ‘hygiene
hypothesis’, expressed simply in terms of an inverse rela-
tion between incidence of infectious diseases and aller-
gies, has arisen from studies of children of farmers
[14–17]. These studies have consistently found that
growing up on farms confers significant protection against
the development of atopy (as assessed by skin test reac-
tivity to local allergens), allergic rhinitis and (to a lesser
extent) asthma. A more detailed analysis of several of
these studies showed that the factor that best explained
the difference in the prevalence of allergies among chil-
dren living on farms and those living in the same rural vil-
lages but not on a farm was having contact with livestock
and poultry [16].
These results suggested that substances produced by
farm animals, which could presumably also be abundant in
homes located close to these animals quarters, could play
a role in the prevention of allergies. In a study by von
Mutius et al, dust collected from homes of children living
on farms had markedly higher levels of endotoxin than that
from homes of children living in the same rural communi-
ties but away from animal farms [18].
These findings suggest a broader approach to the under-
standing of the environmental factors that may influence
the development of the immune system and, through this
mechanism, decrease the likelihood of the development of
allergies. Endotoxins are lipopolysaccharides (LPS) that
form part of the outer structure of the cell wall of Gram-
negative bacteria. An exquisitely sensitive mechanism that
detects the presence of LPS is present in vertebrate
immune systems. This receptor system is expressed
mainly in antigen presenting cells, and constitutes the first,
nonadaptive response to external microbial stimuli. The
system in question is in fact made up of pattern-recogni-
tion receptors that are capable of detecting the presence
of different structures present in Gram-negative and
Gram-positive bacteria, mycobacteria, fungi, and even
viruses [19]. This receptor system activates a complex
intracellular signaling mechanism that will not be dis-
cussed in the present article in detail, but that results in
the production of a set of cytokines and immune media-
tors by antigen presenting cells.
The finding that exposure to environmental bacterial prod-
ucts, that do not directly cause specific diseases in those
exposed, may influence the pattern of immune responses
in humans provides an entirely new framework for the
understanding of the ‘hygiene hypothesis’. The influence
of potential infectious agents on the risk of allergies is thus
not confined to those that directly produce infectious dis-
eases in humans, but may comprise a much broader set of
agents, including those to which the individual is exposed
in the home, in schools, in daycare, etc. These agents may
act through the respiratory system but also through the
intestinal track [9], modulating the development of the
immune system during the first years of life.
This new set of potential exposures may be very relevant
for our understanding of the marked increases in the
prevalence of allergies and asthma that have taken place
in past decades. The widespread availability of products
and practices that promote an aseptic environment for
humans in general, and for young children in particular,
may have markedly decreased the exposure of our species
to the myriad of ‘danger’ signals coming from microbes
and germs that has been part of our entourage since we
first became a species or even earlier [20].
The coming-of-age of a hypothesis
The author believes that, with the discovery of specific
markers of environmental microbial exposure, such as
endotoxin, that interact with a well-known receptor
system, the hygiene hypothesis has reached a new stage
of maturity. Although no-one can reasonably propose or
even believe that marked decreases in the burden of
microbial exposure are the only causes of the increases in
asthma and allergies observed recently, there is now
strong indirect evidence suggesting that those exposures
play a role in the postnatal maturation of immune
responses. This evidence not only comes from studies
performed in rural communities like those described
earlier. Gereda et al [21], for example, assessed the con-
centration of endotoxin in house dust in a group of young
children living in the Denver area, and subsequently
assessed sensitization to local aeroallergens and cytokine
responses by peripheral blood mononuclear cells. They
found that children exposed to higher levels of endotoxin
were significantly less likely to become sensitized to local
aeroallergens. Gereda et al also reported that IFN-g
responses by peripheral blood T cells were significantly
increased among children exposed to higher levels of
endotoxins. Other studies in which house dust is being
collected during infancy and in which subsequent devel-
opment of asthma and allergies is being studied are now
in progress, and they may provide important new informa-
tion in the near future.c
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The molecular mechanisms by which microbial burden in
early life, and endotoxin exposure in particular, can influ-
ence asthma risk are beginning to be understood. It is now
well established that early allergic sensitization is an
important risk factor for the development of asthma [22].
We have suggested that the early establishment of a
chronic, IgE-mediated immune response in the lungs may
alter lung development and predispose to chronic airway
hyperresponsiveness [3]. Our group has also shown that
subjects who, by the age of 6 years, will become sensi-
tized to Alternaria, the most asthma-related allergen in
Tucson, Arizona, have significantly lower IFN-g responses
by peripheral blood mononuclear cells as compared with
subjects who will not become sensitized to Alternaria [6].
It is thus possible that exposure to endotoxin, by stimulat-
ing the early development of IFN-g responses, may prevent
early allergic sensitization and, by this mechanism, prevent
the development of asthma. A recent report by Tulic et al
[23], suggesting that pre-exposure to endotoxin prevents
subsequent sensitization to allergens in rats, strongly sup-
ports this hypothesis.
It is important to mention that, although exposure to endo-
toxin may be preventive in the development of allergies and
asthma, it may be an important risk factor for more severe
symptoms in subjects who have already developed the
disease [24]. It is thus possible that, once an IgE-mediated
response to aeroallergens has been established, endotoxin
may enhance this response. Interestingly, in the Tulic et al
report [23], exposure to endotoxin in rats after sensitization
to allergens had already been established was shown to
enhance the IgE-mediated response in these animals, thus
providing experimental support for this contention.
Gene/environment interactions in the
development of allergies
The use of endotoxin as a potential marker for microbial
exposure not only provides a helpful epidemiologic tool,
but it also allows the identification of a well-defined, spe-
cific biological pathway directly involved in immune
responses to such exposure. It is plausible to surmise that
polymorphisms in the genes that code for proteins
involved in this pathway may determine, at least in part,
individual susceptibility to the effects of endotoxin.
In our laboratories, we have begun the process of screen-
ing for polymorphism genes involved in the receptor
system for LPS. We initiated this search with the CD14
gene, which codes for one of the main components of the
endotoxin receptor system [19], and found a C®T varia-
tion at position –159 of the promoter region of the gene
(CD14/–159). This polymorphism was very frequent in the
population, with one-half of all chromosomes containing
one or the other allele (C or T). Carriers of the T allele in
homozygote form were shown to have significantly higher
levels of circulating sCD14, the soluble form of the recep-
tor. Researchers interested in genetic risk factors for
myocardial infarction subsequently reported that the T
allele was also associated with higher expression of CD14
on the surface of antigen presenting cells [25]. Our group
found that homozygotes for the T allele had significantly
lower levels of total serum IgE, especially if they were skin
test positive to local aeroallergens. Moreover, atopic carri-
ers of the T allele had significantly lower numbers of posi-
tive skin tests than carriers of the C allele. Two other
research groups have reported similar findings [26,27],
although not all researchers have been able to confirm our
findings [28,29]. It thus appears that, at least in some
populations, polymorphisms that increase the expression
of CD14 may be associated with lower levels of IgE. A
potential explanation for this finding could be that
increased sensitivity to endotoxin and other microbial
products that interact with CD14 could increase IL-12-
mediated responses to these products, with increased
likelihood of development of Th1-type responses and thus
less likelihood of IgE-mediated immunity.
The presence of biologically meaningful polymorphisms in
genes associated with the receptor system for endotoxin
opens a new chapter for the assessment of the so-called
hygiene hypothesis. It has now become possible to
assess the role of these genetic variants as determinants
of susceptibility to different allergy-related outcomes in
individuals who are exposed to different levels of endo-
toxin in the environment. Variations in many genes involved
in the response to endotoxins and other microbial prod-
ucts will be defined, as part of the Genome Project, in the
very near future.
Conclusion
A better understanding of the biological effects of specific
environmental products that are responsible for the
inverse association between infectious burden and allergy
and asthma will enhance our understanding of the gene/
environment interactions that cause these common and
burdensome diseases. Moreover, this understanding may
offer new strategies for the primary and secondary preven-
tion of allergies and asthma in the near future. It may thus
be possible to design prevention strategies based on
exposure to innocuous surrogates of bacterial products in
individuals who may be more or less susceptible to the
preventive effects of these products depending on their
specific genetic background.
Acknowledgements
This work was supported by National Heart Lung Blood Institute
Grants HL 66447, HL 56177, HL 61892, HL 64307, and HL 66800.
References
1. Woolcock AJ, Peat JK: Evidence for the increase in asthma
worldwide.  Ciba Found Symp 1997, 206:122–134.
2. Strachan DP: Hay fever, hygiene, and household size. Br Med
J 1989, 299:1259–1260.
Available online http://respiratory-research.com/content/2/3/1293. Martinez FD, Holt PG: Role of microbial burden in aetiology of
allergy and asthma. Lancet 1999, 354(suppl 2):SII12–SII15.
4. Strachan DP: Family size, infection and atopy: the first decade
of the ‘hygiene hypothesis’. Thorax 2000, 55(suppl 1):S2–S10.
5. Holt PG, Jones CA: The development of the immune system
during pregnancy and early life. Allergy 2000, 55:688–697.
6. Martinez FD, Stern DA, Wright AL, Holberg CJ, Taussig LM,
Halonen M: Association of interleukin-2 and interferon-gamma
production by blood mononuclear cells in infancy with
parental allergy skin tests and with subsequent development
of atopy. J Allergy Clin Immunol 1995, 96:652–660.
7. Prescott SL, Macaubas C, Smallacombe T, Holt BJ, Sly PD, Holt
PG: Development of allergen-specific T-cell memory in atopic
and normal children. Lancet 1999, 353:196–200.
8. Romagnani S: Induction of TH1 and TH2 responses: a key role
for the ‘natural’ immune response? Immunol Today 1992, 13:
379–381.
9. Matricardi PM, Rosmini F, Riondino S, Fortini M, Ferrigno L,
Rapicetta M, Bonini S: Exposure to foodborne and orofecal
microbes versus airborne viruses in relation to atopy and
allergic asthma: epidemiological study. Br Med J 2000, 320:
412–417.
10. Martinez FD, Stern DA, Wright AL, Taussig LM, Halonen M, Asso-
ciates GHM: Association of non-wheezing lower respiratory
tract illnesses in early life with persistently diminished serum
IgE levels. Thorax 1995, 50:1067–1072.
11. Shaheen SO, Aaby P, Hall AJ, Barker DJ, Heyes CB, Shiell AW,
Goudiaby A: Measles and atopy in Guinea-Bissau. Lancet
1996,  347:1792–1796.
12. Paunio M, Heinonen OP, Virtanen M, Leinikki P, Patja A, Peltola H:
Measles history and atopic diseases: a population-based
cross-sectional study. J Am Med Assoc 2000, 283:343–346.
13. Shirakawa T, Enomoto T, Shimazu S, Hopkin JM: The inverse
association between tuberculin responses and atopic disor-
der. Science 1997, 275:77–79.
14. Von Ehrenstein OS, Von Mutius E, Illi S, Baumann L, Bohm O, von
Kries R: Reduced risk of hay fever and asthma among children
of farmers. Clin Exp Allergy 2000, 30:187–193.
15. Braun-Fahrlander C, Gassner M, Grize L, Neu U, Sennhauser FH,
Varonier HS, Vuille JC, Wuthrich B: Prevalence of hay fever and
allergic sensitization in farmer’s children and their peers living
in the same rural community. SCARPOL team. Swiss Study on
Childhood Allergy and Respiratory Symptoms with Respect to
Air Pollution. Clin Exp Allergy 1999, 29:28–34.
16. Riedler J, Eder W, Oberfeld G, Schreuer M: Austrian children
living on a farm have less hay fever, asthma and allergic sen-
sitization. Clin Exp Allergy 2000, 30:194–200.
17. Ernst P, Cormier Y: Relative scarcity of asthma and atopy
among rural adolescents raised on a farm. Am J Respir Crit
Care Med 2000, 161:1563–1566.
18. Von Mutius E, Braun-Fahrlander C, Schierl R, Riedler J, Ehlermann
S, Maisch S, Waser M, Nowak D: Exposure to endotoxin or
other bacterial components might protect against the devel-
opment of atopy. Clin Exp Allergy 2000, 30:1230–1234.
19. Pugin J, Heumann ID, Tomasz A, Kravchenko VV, Akamatsu Y,
Nishijima M, Glauser MP, Tobias PS, Ulevitch RJ: CD14 is a
pattern recognition receptor. Immunity 1994, 1:509–516.
20. Matzinger P: Tolerance, danger, and the extended family. Annu
Rev Immunol 1994, 12:991–1045.
21. Gereda JE, Leung DYM, Thatayatikon A, Streib JE, Price MR, Klin-
nert MD, Liu AH; Relation between house-dust endotoxin expo-
sure, type 1 T-cell development, and allergen sensitization in
infants at high risk of asthma. Lancet 2000, 355:1680–1683.
22. Sherrill D, Stein R, Kurzius-Spencer M, Martinez F: On early sen-
sitization to allergens and development of respiratory symp-
toms. Clin Exp Allergy 1999, 29:905–911.
23. Tulic MK, Wale JL, Holt PG, Sly PD: Modification of the inflamma-
tory response to allergen challenge after exposure to bacterial
lipopolysaccharide. Am J Respir Cell Mol Biol 2000, 22:604–612.
24. Michel O, Kips J, Duchateau J, Vertongen F, Robert L, Collet H,
Pauwels R, Sergysels R: Severity of asthma is related to endo-
toxin in house dust. Am J Respir Crit Care Med 1996, 154:
1641–1646.
25. Hubacek JA, Pit’ha J, Skodova Z, Stanek V, Poledne R:
C(–260)® ®T polymorphism in the promoter of the CD14
monocyte receptor gene as a risk factor for myocardial infarc-
tion. Circulation 1999, 99:3218–3220.
26. Amelung PJ, Weisch DG, Xu J, Paigen B, Meyers DA, Bleecker
ER: A polymorphism in CD14 is associated with high IgE
levels in a population with laboratory animal allergy [abstract].
Am J Respir Crit Care Med 2000, 161:A927.
27. O’Donnell AR, Hayden CM, Laing IA, Toelle B, Marks G, Peat JK,
Goldblatt J, LeSouef PN: Association study of CC16 and CD14
polymorphisms in an unselected population assessed at age
8 and 25 [abstract]. Am J Respir Crit Care Med 2000, 161:
A928.
28. Joos L, Zhu S, Becker A, Chan-Yeung M, Baldini M, Martinez F,
Pare P, Sandford A: Polymorphisms of the CD14 and TGFB1
genes in a cohort of infants at high risk of allergic disorders
[abstract]. Am J Respir Crit Care Med 2000, 161:A928.
29. Celedon JC, Soto-Quiros M, Drazen JM, Phillips C, Senter J,
Mosley J, Silverman EK, Weiss ST: Lack of association between
a polymorphism in the 5¢ ¢ flanking region of the CD14 gene
and skin test reactivity to allergens in the central valley of
Costa Rica [abstract]. Am J Respir Crit Care Med 2000, 161:
A927.
Respiratory Research    Vol 2 No 3 Martinez